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Abstract 
We investigate the performance of a micro gap vacuum thermionic energy converter considering the loss 
mechanisms due to the space charge effect and interelectrode radiative heat transfer. The dependencies of 
the space charge effect and near-field radiative heat exchange on the interelectrode distance are derived 
based on established theories. The electrode temperatures are determined by solving the steady-state 
energy balance equations in a numerical, iterative process and considering a constant energy flux input to 
the emitter. The resultant behaviour of the different mechanisms of energy flow from the electrodes is 
studied for a wide range of interelectrode distances, which provides new insights into the device operation. 
The maximum efficiency of the converter is obtained by optimizing the operating voltage and 
interelectrode distance. Considering the interplay between space charge and near-field radiative heat 
transfer, an optimal range is determined for the interelectrode distance. The optimal value of the distance 
and the lower limit of this range are found to be significantly higher than previously reported, where 
constant electrode temperatures had been assumed.  
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1. Introduction 
Static heat-to-electricity converters offer distinct advantages over turbine generators due to their silent 
operation, lack of moving parts, high specific power, and flexible form factors. These diverse features are 
particularly attractive for applications which require portability, relatively low maintenance, and long 
lifetime. A prominent example of static heat-to-electricity generation mechanisms is thermionic conversion, 
which has significant advantages over other static energy conversion mechanisms such as the thermoelectric 
and photovoltaic effects. For example, in a photovoltaic device, incident photons with energy higher than 
the bandgap can be used to generate electron-hole pairs, which subsequently undergo electronic transitions 
across the bandgap. However, a significant portion of the solar spectrum is wasted since many of the 
incident photons either do not have enough energy to excite an electron to the conduction band or have 
excessive energy, which is lost as heat [1,2]. To improve the photovoltaic efficiency, multijunction solar 
cells have been proposed, where several epitaxially grown layers of different bandgap materials are stacked 
together to increase the usable portion of the solar spectrum. However, these devices face significant 
engineering and materials-based challenges [3]. In this regard, a thermionic energy converter (TEC) has a 
fundamental advantage as it can, in principle, utilize any source of input heat irrespectively of its spectral 
composition which, in the case of solar energy, can be obtained from a concentrated solar thermal harvesting 
system. On the other hand, thermoelectric generators suffer from a low figure of merit due to the combined 
requirements of high electrical and low thermal conductivity [4,5], ultimately limiting the conversion 
efficiency to around 10% in practice. Unlike the situation in thermoelectric generators, the vacuum gap in 
a TEC prevents the problem of lattice thermal conduction. Due to these benefits, thermionic conversion has 
attracted great attention over the years, with significant experimental demonstrations since the 1950s, 
utilizing heat from diverse sources [6,7]. The Jet Propulsion Laboratory developed TECs under the Solar 
Energy Thermionics program in the 1960s [8]. Prototypes were demonstrated, such as the JG-2 device 
which achieved an electrical power output of 114 W and an energy conversion efficiency of  7.0% when 
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heated to a temperature of 1727 °C. In later efforts, The Japan Solar Upper Stage program designed a TEC 
which was estimated to operate at an efficiency of 23.2% with a power density of 5.7 W/cm2 at an emitter 
temperature of about 1577 °C [9]. General Atomics proposed the High Power Advanced Low Mass solar 
thermionics space power system [10,11], and an early prototype achieved a maximum electrical power of 
30 W at an emitter temperature of 1397 °C under direct solar heating. Apart from concentrated solar heating, 
thermionic converters with other sources of heat have been experimentally demonstrated. For example, 
TOPAZ reactor (a Russian acronym for Thermionic Experiment with Conversion in Active Zone) was 
developed by the former Soviet  Union (USSR) [12–14]. In 1986 and 1987, the USSR launched two 
reconnaissance satellites into the lower earth orbit powered by its 6-KW TOPAZ thermionic reactor. These 
examples show that TECs have strong potential for electricity generation, especially with improvements to 
existing systems. For further development of thermionic energy conversion technology, two issues which 
need to be addressed are the space charge effect and radiative heat loss in the interelectrode space. The 
space charge effect is caused by the mutual repulsion of electrons traversing the interelectrode gap and is 
detrimental to TEC performance. The additional barrier caused by the space charge substantially reduces 
the electron flux from the emitter to the collector and can thus reduce the output power and the conversion 
efficiency by orders of magnitude. A common approach to mitigating the space charge effect has been to 
use a cesium plasma in the interelectrode space. However, the ionization of the cesium vapour requires 
additional power and auxiliary discharge electrodes, which reduces the efficiency and adds complexity 
[15,16]. Moreover, the requirement of the continuous supply of cesium ions limits the operational lifetime 
of such a converter. As an alternative solution, the space charge problem may be solved by making the 
interelectrode gap small enough to prevent the build-up of significant electron clouds in that region. In such 
a vacuum TEC, to achieve a practical current and output power density in a reasonable emitter temperature 
range, the interelectrode distance (which we sometimes also refer to as the gap size or gap width), needs to 
be of the order of only a few microns [17]. Consequently, several efforts have been made recently to develop 
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microfabricated thermionic energy converters [18–20]. However, when the interelectrode distance becomes 
comparable to the characteristic wavelength of thermal radiation (given by Wien’s displacement law), near-
field radiative heat transfer becomes significant [21–24]. In this small gap range, the far-field radiative heat 
transfer governed by the Stefan-Boltzmann formula is no longer valid; the total radiative heat transfer may 
increase by orders of magnitude. This means that there is a trade-off between space charge mitigation and 
minimizing near-field radiative heat transfer, and that the optimal gap for maximum efficiency should be 
determined considering the interplay between the two. Therefore, it is worth investigating the performance 
of a vacuum TEC comprising a microscale gap considering different loss processes. A previous theoretical 
study to investigate the effects of a microscale gap in TEC performance can be found in the literature [25] 
for the case where the emitter and collector were held at fixed temperatures while the distance between 
them was varied. This assumption of fixed electrode temperatures resulted in orders of magnitude variation 
in the amount of input heat energy required to maintain those temperatures for different values of the 
interelectrode gap. That is a reasonable assumption when the converter is in direct thermal contact with a 
large, fixed-temperature thermal reservoir, with much greater energy available than the TEC uses. However, 
in many other practical scenarios, the amount of input power is fixed. For example, in a concentrated solar 
thermal system, the intensity of the thermal energy available from solar heating strongly depends on the 
concentration ratio. This concentration ratio depends on the geometric structure of the focusing system [26–
28] which, for example, could be a parabolic trough or disc concentrator. These focusing systems are 
carefully designed for optimal concentration ratios considering various trade-offs and typically are not 
adjustable once implemented. Considering these constraints on the input heat source, one needs to 
determine the electrode temperatures (which are dictated by energy balance) dynamically while varying the 
interelectrode distance. 
In the present study, we model a TEC by analyzing the dependence of the electrode temperatures on the 
interelectrode distance. This provides new insights into the energy exchange channels between the two 
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electrodes, electric current, and power output of  TECs. With these new considerations, we also determine 
the optimal interelectrode distance and maximum device efficiency, where the interplay between the near-
field radiation and the space charge effect is taken into account. The optimal gap found is more than twice 
the value reported in [25] (which was for fixed electrode temperatures) for comparable conversion 
efficiencies. This is a significant finding due to the great challenges of fabricating micro gap devices, where 
a twice-larger gap represents much less stringent fabrication requirements. 
2. Simulation Methodology 
2.1.  Energy balance, efficiency and the iterative model to solve the coupled energy exchange 
problem in a micro gap thermionic energy converter 
The input and output energy fluxes at the emitter and collector of the TEC are shown in fig. 1(a). The 
input heat flux, InQ , is absorbed by the emitter, which rapidly heats the electrons and the lattice. Some of 
the electrons gain sufficient energy to overcome the emitter vacuum barrier and are emitted into the 
interelectrode space. The energy carried by these thermionically emitted electrons is denoted as TQ . Due 
to the temperature difference between emitter and collector, a part of the incident energy flux, RadQ , is 
exchanged between the two electrodes radiatively. As will be discussed later, this interelectrode radiative 
heat transfer consists of contributions from propagating waves and evanescent waves at small gaps. A part 
of the incident energy is also lost as radiation from the emitter to the ambient and is given by 
4 4
Loss E 0( )Q T T  , where is the effective thermal emissivity of the emitter, is the Stefan Boltzmann 
constant, and ET , 0T are the emitter and ambient temperatures, respectively. In steady state, the input 
energy flux into the emitter is equal to the sum of the fluxes leaving from the emitter to the collector and 
the surroundings: 
In T Rad LossQ Q Q Q     .    (1) 
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Fig. 1. (a) The input, intermediate, and output energy fluxes in a micro gap thermionic energy converter. (b) A flowchart of 
the self-consistent numerical iterative model implemented in this work.                     
A portion of the thermionic energy flux transferred from the emitter to the collector is converted into 
useful electrical output. If J  is the net current density from the emitter to the collector and V  is the 
operating voltage, then the output power density and efficiency of the thermionic converter can be defined, 
respectively, as 
                                                   TECP JV    (2.a)   and   
In
JV
Q
    .    (2.b) 
The rest of the energy reaching the collector is dissipated as heat and released to a heat sinking mechanism 
such as a cooling fluid. The heat flow from the collector to the cooling fluid can be written as 
    Sink L C 0( )Q K T T       (3) 
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, where 
LK is the heat transfer coefficient between the cooling fluid and the collector and CT  is the collector 
temperature.  A flow chart of the self-consistent iterative algorithm developed in this work to determine 
the electrode temperatures and different energy exchange channels is shown in fig. 1(b). The space charge 
and near-field radiative heat transfer effects are modelled using theories established in the literature. For 
completeness and ease of access, we provide an overview of the implementation of each of these theories 
in our model before presenting our results. 
2.2. The space charge effect in the interelectrode region 
The space charge effect in a TEC arises from the coulombic repulsion caused by the electrons in the 
interelectrode space. The energy diagram of a space charge limited TEC is shown in fig. 2. As can be seen, 
an energy barrier is formed in the gap when the interelectrode electron concentration is very high (which 
is typically the case for macroscopic gaps). Due to this barrier, only a portion of the electrons overcoming 
the emitter work function, which have sufficient energy to also surpass this barrier, can reach the collector; 
lower energy electrons are reflected back to the emitter. This phenomenon significantly reduces the output 
current density.  
The space charge effect is derived assuming that electrons traversing the interelectrode distance are 
collisionless particles. Under this assumption, the additional barrier, ( )x , arising from the mutual 
repulsion of the electrons in the interelectrode space can be obtained from the Poisson equation, 
                             
2
2
2
0
( )d N x
e
dx


            (4) 
, where ( ) ( , )z y xN x dv dv dv f x v
  
  
     is the electron density at the position x , ( , )f x v  is the electron 
8 
 
velocity distribution function, and 0  is the permittivity of free space. Assuming that the electron velocity 
distribution is a half Maxwellian at the position of maximum motive, mx , eq. (4) can be rewritten in terms 
of the dimensionless potential barrier,  , and the dimensionless distance,  , as 
                   
2
2
2 e [1 ( )]
d
erf
d
 

         (5) 
 
Fig. 2. The energy diagram of a TEC in the space charge regime. EF,E and EF,C are the fermi levels of the emitter and the 
collector, respectively. m  is the maximum motive in the interelectrode space and e is the electron charge. E and C  are the 
work functions of the emitter and the collector, respectively. 
ET  and CT  are the temperatures of the emitter and the collector, 
respectively.V is the voltage difference between the two electrodes. mx  is the position of the maximum motive and d is the 
interelectrode gap width. 
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, where m
B E
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k T
 


 , m
0
x x
x


 , 0 B E0 2
m2 ( )
k T
x
e N x

 , and 
2
0
2
( )
z
terf z e dt

   is the error function [17]. 
In the above definitions, Bk is the Boltzmann constant and ( )mN x is the electron density at the position of 
maximum motive. The ‘+’ sign applies for 0   and the ‘-’ sign is for 0  . 
Double integrating eq. (5) with appropriate boundary conditions leads to 
1
20 [ ( ) 2 1]t t
dt
t
e e erf t



 
 

∓
      (6) 
, where the upper sign applies for 0   and the lower sign applies for 0  . We calculated the value of 
this integral numerically for a wide range of  . The value of m  depends on the operating voltage, which 
can be summarized for the saturation, space charge and retarding modes of operation [17,29] as 
     
E S
m E E B E S C
C C
,  0
,  
,  
V V
k T V V V
eV V V

  

 

   
  
    (7) 
, where E is the value of  at the emitter surface and is given by ESE
E
ln( )
J
J
  , in which ESJ  is the emitter 
saturation current density and EJ  is the emitter current density at voltage V . SV   and CV  are the saturation 
and critical point voltage, respectively, and are defined as follows. When SV V , the maximum energy 
barrier occurs just outside the emitter, and all electrons originating from the emitter can reach the collector. 
This voltage can be expressed as 
S E C C CS B E( )eV k T           (8) 
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, where C  is the value of   at the collector surface and ES5CS 3
4
E
9.186 10
J d
T
    [29]. When CV V , the maximum 
energy barrier occurs just in front of the collector and the electrons originating from the emitter need to overcome 
a decelerating force. The critical point voltage CV  can be defined as 
  
2
E
C B E C
ER
ln( )
AT
eV k T
J
     (9) 
, where ERJ  is the emitter current density at the critical point [29], which is calculated precisely in the 
present study using the method described in [30]. For SV V , the emitter current density is the saturation 
current density, 
E
B E
( )
2
ES E
k TJ AT e


 , and for CV V , it is given by 
C
B E
( )
2
E E
eV
k TJ AT e
 

  and the device is in 
retarding mode. For S CV V V  , the device is in the space charge regime and the emitter current can be 
calculated using the method described in [17], which we briefly review here. For a given E  and ET , we 
first determine the emitter current density at the saturation point ES( )J  and critical point ER( )J . Then, for 
a particular current density EJ  in the space charge region ER E ES( )J J J  , we calculate E . Using this 
value of E , we then calculate E , then C  and finally C  using the curve resulting from eq. (6). The 
voltage in the space charge region can then be calculated from E C E C B E( )eV k T       . For the 
numerical implementation of this method, we follow the algorithm described in [30]. 
The reverse current from the collector in the saturation, space charge and retarding regions can be defined 
as 
                                                            
m
B C
( )
2
C C
eV
k T
J AT e
 

  .       (10) 
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Using the above analysis, the net energy flux carried by the thermionic current from the emitter is given 
by 
              E C m B E E C CT
[( ) 2 ( )]J J k T J T J
Q
e
  
   .   (11) 
The first term in eq. (11) is due to the potential energy and the second term is due to the average thermal 
energy [31]. A part of this thermionic energy flux is converted to electricity while the rest is deposited in 
the collector as heat when thermionic electrons are absorbed by it. 
2.3. Radiative heat transfer between emitter and collector 
When the interelectrode distance in a thermionic device is large, radiative heat exchange between the 
electrodes is due to the far-field propagating waves and is given by the Stefan-Boltzmann law. However, 
mitigating the space charge effect requires the electrodes to be placed at a distance of a few micrometers 
or less. This is on the order of the characteristic wavelength of thermal radiation from the emitter, which 
is given by Wien’s displacement law as 3
T E2.9 1 /0x T
 , and so the emitter and collector surfaces are 
coupled by evanescent waves. The coupling of these evanescent waves significantly enhances the radiative 
heat transfer in the near-field regime. The energy transfer including both propagating and evanescent 
components can be modelled using fluctuational electrodynamics [21,24] as 
                 prop E E C C prop E C2
0 0
1
 [ ( , ) ( , )]  ( , , , ) 
w
c
Q dw w T w T S w d   


             (12) 
and      
 
 
evan E E C C evan E C2
0
1
      [ ( , ) ( , )] ( , , , )
w
c
Q dw w T w T S w d   

 
     (13) 
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, where propQ  and evanQ  are the heat radiation fluxes due to propagating and evanescent waves photons, 
respectively. In the above equations, B jj( , ) / ( 1)
w
k T
w T w e  
ℏ
ℏ  is the mean energy of a Planck oscillator at 
angular frequency w [18], jT  is the temperature of electrode j (emitter or collector), j  is the complex 
dielectric permittivity of medium j,   is the wavevector component parallel to the interface, c is the speed 
of light, and ℏ is the reduced Planck constant. propS  and evanS  are the coupling coefficients for the 
propagating and evanescent waves, respectively. For heat exchange between two semi-infinite plates, 
these two terms are given by [21,22] 
      0 0
2 2 2 2
s s p p
0E 0C 0E 0C
prop 2 2
i2 i2s s p p
0E 0C 0E 0C
(1 )(1 ) (1 )(1 )
( , , , ) ,   
4 1 4 1
E C
dk dk
r r r r w
S w
cr r e r r e
 
   
   
  
                          (14) 
and 
0 0
0 0
2 Im( ) 2 Im( )s s p p
0E 0C 0E 0C
evan E C 2 2
2 Im( ) 2 Im( )s s p p
0E 0C 0E 0C
Im( ) Im( ) Im( ) Im( )
     ( , , , ) ,   
1 1
d k d k
d k d k
r r e r r e w
S w
cr r e r r e
 
   
 
 
  
 
 .       (15) 
 
In eqs. (14) and (15), the first term of the right-hand side refers to the contribution of s polarization and 
the second term refers to the contribution of p polarization. 
s
0jr  and 
p
0jr  are the Fresnel reflection coefficients 
for s and p polarizations, respectively, at the interface between vacuum and electrode j (emitter or 
collector) [24] as given by  
     
s
0j 0 j 0 j( ) / ( )r k k k k    and  
p
0j j 0 j j 0 j( ) / ( )r k k k k      
13 
 
, where 0k  and jk  are the perpendicular wavevector components in the vacuum and medium j, respectively 
and are given by             
                                                   
2 2
0 ( / )k w c    and 
2 2
j j( / )k w c   . 
We are inspired by the Drude model for tungsten [32] to describe the dielectric permittivity of the 
electrodes as 
                 0 j
j 2
0 j
/
( ) 1
(  / )
w
w i w
 

 
 

            (16) 
, where 0  is the DC conductivity and j  is the electron relaxation time in electrode j, given by
2 3
j j j1/ ( )aT bT    with a =10
7 s-1K-2 and b=2 ×106 s-1K-3 [33], where jT  is the temperature of the 
corresponding electrode.  
3. Results and Discussion 
The emitter and collector work functions of a TEC are crucial parameters as electron emission depends 
on them exponentially. To obtain high thermionic emission at practically achievable temperatures, the 
emitter work function should be low. On the other hand, to maximize efficiency, a large voltage difference 
between emitter and collector is required, which in turn requires the collector work function to be 
considerably lower than that of the emitter. However, if the collector work function is very low, significant 
back emission from the collector will occur, which lowers the efficiency. Given these requirements, a 
reasonable set of values for the emitter and collector work functions is E =2.2 eV and C =1.5 eV, which 
allows us to investigate the performance of the thermionic device for a wide range of other parameters. 
Moreover, these values of electrode work functions are also found to be optimal for the range of electrode 
temperatures considered in this study [17]. We use a Richardson constant of 120 A/cm2k2, an effective 
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emissivity of 0.1 for the radiation loss to the ambient from the electrodes, and a heat transfer coefficient 
of 1000 W/m2k between the collector and cooling fluid (which is the upper bound of heat transfer 
coefficient for cooling by free convection). We assume the input heat source to have a power density of 
10 W/cm2 unless specified otherwise. This power density is chosen to reach an emitter temperature that 
would result in a noticeable thermionic emission current. Such a power density can, for example, be 
obtained from a concentrated solar thermal harvesting system for a concentration factor of the order of 
100 (assuming an AM 1.5 solar spectral irradiance). The solar thermal harvesting system can either employ 
selective absorbers [34–38] or a liquid-parabolic trough concentrator mechanism to transfer the heat to the 
TEC emitter. It should be noted that we do not put any emphasis on the nature of the thermal source, and 
the presented model is equally valid for any source of input thermal energy. We vary the interelectrode 
distance from 0.1 µm to 100 µm to investigate the interplay between the space charge effect and near-field 
coupling in radiative heat transfer, while the output voltage is being swept.  
Based on the energy balance at the emitter and collector as defined in eqs. (1) and (3), respectively, the 
emitter and collector temperature, net current density and different energy fluxes are numerically obtained 
using the self-consistent iterative method (shown in fig. 1(b)) for different operating voltages and 
interelectrode distances. Characteristic profiles of the emitter and collector temperatures as a function of 
the operating voltage, for an interelectrode distance of 5 μm, are illustrated in fig. 3(a). The corresponding 
current density and energy flux contributions are plotted in figs. 3(b) and 3(c), respectively. As can be 
seen in fig. 3(a), the emitter temperature remains constant in the saturation region (
SV V ) and it gradually 
rises in the space charge and retarding regions (
SV V ). This can be explained using the motive graph shown 
in fig. 3(b). In the saturation region, the maximum motive is equal to the emitter work function, which is 
the minimum energy required by the electron to be thermionically emitted from the emitter. Accordingly, 
all the emitted electrons can reach the collector as there is no potential barrier in the interelectrode space, 
and so the current does not change with the voltage. Due to this constant current, various energy fluxes 
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(as shown in fig. 3(c)), which remove the input heat flux from the emitter, remain unchanged in the 
saturation region and prevent the temperature from increasing as the voltage is swept. On the other hand, 
in the space charge and retarding regions (
SV V ), the maximum motive is higher than the emitter work 
function and it gradually rises with the output voltage. Consequently, only a portion of the emitted 
electrons, which have sufficient energy to overcome the additional energy barrier in the interelectrode 
space, can reach the collector. As a result, both the emitter current and the energy taken by the thermionic 
electrons decrease as the voltage increases, leading to an increase in emitter temperature. As can be seen 
in fig. 3(c), this increase in emitter temperature will increase the radiative heat transfer from the emitter 
to the collector as well as the heat loss to the ambient. These various heat loss mechanisms start to 
dominate the energy flux from the emitter as the device is driven deep into the space charge and retarding 
regions. On the other hand, the collector temperature and the heat flux released to the heat sink from the 
collector decrease monotonically with the increase of the operating voltage, which can be explained as 
follows. In the saturation region, the electrical power output increases gradually with the operating voltage 
while the heat loss to the ambient remains constant due to the constant emitter temperature. As a result, 
the heat dissipated in the collector gradually decreases with the increasing voltage. In the space charge 
and retarding regions, the energy flux received by the collector decreases as output voltage increases, 
leading to a decrease in the collector temperature (although the reduced output power tends to counter this 
effect and lead to an increase in the collector temperature at very high input heat flux—not shown here). 
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(a) (b) 
 
(c) 
Fig. 3. (a) The electrode temperatures (the inset shows a magnified view of the collector temperature graph), (b) the current 
density (black curve) and the maximum motive (blue dashed curve), and (c) the energy fluxes from the emitter to collector and 
from the collector to heat sink as a function of the operating voltage for an interelectrode distance of 5 μm. 
To investigate the effects of interelectrode gap width on TEC operation, the emitter and collector 
temperatures are shown in figs. 4 (a) and (b), respectively for a wide range of output voltage and 
interelectrode distance. The corresponding current density for different interelectrode distances and output 
voltage are shown in fig. 4(c). It can be seen from fig. 4(c) that the interelectrode distance has a significant 
impact on the performance of the thermionic converter. Both the saturation current and open-circuit 
voltage are low when the interelectrode distance is in the submicron region. This finding is different from 
17 
 
the previously reported results [25] where the thermionic current increases monotonically as the 
interelectrode distance is made smaller, and the open-circuit voltage remains constant irrespectively of the 
gap size. This fundamental difference is due to the fact that in ref. [25], the electrode temperatures were 
assumed to be constant as the gap size was varied. However, when the input energy is constant, the 
assumption of constant temperature no longer holds. 
  
(a) (b) 
    
 
(c) 
Fig. 4. Temperature graphs for (a) TEC emitter, (b) TEC collector, and (c) Current density graph as a function of TEC output 
voltage and gap width. The graphs are shown for an input heat flux of 10 W/cm2. 
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When the gap is very small, the near-field radiative heat transfer between the electrodes becomes dominant 
and a significant portion of the input energy flux is transferred from the emitter to the collector through 
this mechanism. Since the total input energy is constant, the energy flux carried by the thermionic electrons 
is thus small at a very small electrode gap, meaning the current density is low, despite the mitigation of 
the space charge effect. As the interelectrode distance increases, the near-field effect of thermal radiation, 
which is caused by the coupling of evanescent waves between the two electrodes, gradually weakens. As 
a result, radiative heat transfer diminishes, and the energy carried by the thermionic electrons starts to 
dominate. An increased thermionic contribution to energy transfer between the electrodes requires more 
electrons to be thermally emitted from the emitter. Consequently, the emitter temperature and the 
thermionic current also increase with an increasing interelectrode distance as can be seen from figs. 4(a) 
and 4(c), respectively. It should be noted that such an increase in current with the interelectrode distance 
is not monotonic and, beyond a certain point, the current starts to fall off as the gap-induced space charge 
effect becomes significant. On the other hand, as seen from fig. 4(b), the collector temperature decreases 
with increasing the interelectrode distance due to weakening radiative coupling to the emitter. The trends 
versus operating voltage for a fixed interelectrode distance can be explained using the same reasoning as 
pointed out above in analyzing fig. 3. 
Having understood the dependencies of the current and electrode temperatures on the interelectrode 
distance, we now turn to a detailed study of their implications on output electrical power, radiative heat 
transfer and device efficiency. Using eq. (2.a), (12), and (13), we calculate the output power density and 
interelectrode radiative heat transfer as a function of the operating voltage for a wide range of 
interelectrode distance; the results are shown in figs. 5(a) (where a maximum in TEC output power density 
with respect to both voltage and interelectrode gap width is seen) and 5(b), respectively. With the increase 
of interelectrode distance, the output power density initially increases as the near-field effect (which is a 
dominant radiative heat transfer process at very small gaps) weakens. However, this trend reaches a 
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maximum for a certain interelectrode distance. Beyond this point, the space charge effect starts to 
dominate, which significantly reduces the electron flux from the emitter to the collector. As a result, the 
output power density starts to decrease again at large interelectrode distances, and radiative heat transfer 
(which is governed by the Stefan Boltzmann law at a large interelectrode distance) gradually becomes 
dominant again at a large interelectrode distance due to rising temperature difference between the 
electrodes. 
 
  
(a) (b) 
Fig. 5. (a) The output power density graph, and (b) interelectrode radiative exchange graph, as a function of TEC output 
voltage and gap width. The graphs are shown for an input heat flux of 10 W/cm2. 
To better visualize the trends in device performance, the voltage-optimized conversion efficiency (which 
we also refer to as peak efficiency) is shown in fig. 6(a) as a function of interelectrode distance (together 
with the output voltage that corresponds to peak efficiency at each gap width); the corresponding emitter 
and collector temperatures are shown in fig. 6(b). The peak efficiency is low at small gaps due to the near-
field effect and at large gaps due to the space charge effect. In-between these two regions, the peak 
efficiency reaches the maximum value of 15.1% for d = 2.15 μm, which is of the order of the characteristic 
wavelength of thermal radiation (given by Wien’s displacement law). The operating voltage 
corresponding to peak efficiency increases with the interelectrode distance as the device is gradually 
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driven into the space charge region; the corresponding emitter temperature also increases while the 
collector temperature decreases with increasing distance.  
To gain deeper insight, we now study the trends in the different energy fluxes under peak efficiency for a 
wide range of interelectrode distance values (0.1 µm to 100 µm) as shown in fig. 7. At very small distances, 
the energy exchange between the emitter and collector is dominated by near-field radiation, and the 
contribution from the thermionic exchange is very small. This is in stark contrast with the behaviour of 
the thermionic energy flux reported in ref. [25], where it remains constant as the interelectrode distance 
becomes very small. This is because, as we have already mentioned, in ref. [25] it was assumed that the 
heat source can provide any amount of power and the heat sink can remove any amount of unwanted heat 
required to maintain the emitter and collector temperatures constant irrespectively of the interelectrode 
distance. However, this assumption may not be valid in many practical scenarios. For example, if we 
consider the case of a solar-thermal-powered TEC, the energy input from solar radiation is limited by the 
atmospheric conditions, geographic location and concentration factor of the focusing system. 
  
(a) (b) 
                         
Fig. 6. (a) The peak efficiency (black curve) and the corresponding optimal output voltage (blue dashed curve), and (b) the 
electrode temperatures at the optimum condition as a function of the interelectrode distance (the inset shows a magnified view 
of the collector temperature graph). 
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As well, due to the finite heat transfer coefficient between the collector and cooling mechanism, the 
collector temperature has to vary to accommodate different heat fluxes. This is why, in the present work, 
the emitter and collector temperatures are self-consistently determined using the energy balance condition. 
 
Fig. 7. The energy fluxes as a function of the interelectrode distance where the operating voltage has been optimized for 
maximum efficiency at each gap size. The interelectrode distances are divided into three regions as  I) near-field dominated, 
II) thermionic dominated, and III) space charge dominated. 
As the interelectrode distance increases, the radiative coupling becomes progressively weaker and 
thermionic coupling correspondingly stronger, so that the two cross over at a distance of around 0.658 
µm. Meanwhile, the gradual increase in emitter temperature also necessitates an increase in radiative heat 
loss from the emitter to the ambient. Both the interelectrode thermionic and radiative exchange fluxes 
reach a plateau and this continues until space charge starts to affect the device performance, leading to a 
decrease in thermionic exchange and a corresponding increase in emitter temperature and thus radiative 
exchange (also in contrast with the behaviour observed in ref. [25]), resulting in another cross over at 
around 11.5 µm; the heat flux dissipated by the collector into the heat sink continues to decrease due to 
the decreasing total energy flux into the collector. Based on the above discussion, we define three regions 
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of interelectrode distance as near-field radiation dominated (d < 0.658 µm), thermionic dominated (0.658 
µm <d <11.5 µm) and space charge dominated (d>11.5 µm), respectively. (Note that the exact bounds of 
these regions depend on the material parameters such as permittivity, effective emissivity, and work 
function, but the above numbers provide an order-of-magnitude guideline.)  
It is also worth investigating the device performance as a function of input energy. For example, in the 
case of solar thermal harvesting, the input heat flux can be varied by changing the concentration factor of 
the solar thermal receiver . (We note that, in a practical solar thermal receiving system, such wide-scale 
variations will not be possible once the system is physically implemented. However, when it comes to 
designing an optimal solar concentrator, one can always vary the concentration factor to observe its impact 
on TEC performance.) Fig. 8(a) shows that the maximum value of peak efficiency (maximized with 
respect to both output voltage and interelectrode distance) and the corresponding output voltage increase 
with input heat flux. The emitter and collector temperatures are shown in fig. 8(b), where we also observe 
a wide variation of these two electrode temperatures as a function of input heat flux under the optimal 
operating condition of the TEC. Since the TEC performance metrics have a strong nonlinear dependence 
on the electrode temperatures, these large temperature variations again emphasize the importance of 
considering the energy balance criterion when evaluating the energy conversion performance by the 
thermionic mechanism. For example, in fig. 8(a), note that the rate of increase in efficiency gradually 
slows down at higher fluxes. The reason is that the increased heat flux will raise the emitter temperature, 
which leads to more radiative heat loss from the emitter to the ambient and collector as well as an increase 
in space charge effect due to increased electron emission. Moreover, the resulting increase in collector 
temperature would affect energy balance at the emitter and also lead to significant back emission, which 
would work against an increase in efficiency, as also observed in ref. [39]. 
Finally, inspired by ref. [25], we define a desirable gap range (dmin < d < dmax, where the efficiency is 
larger than 90% of ηmax) and plot it as a function of input heat flux (fig. 9). An important observation is 
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that the optimal gap size (corresponding to ηmax), also shown in fig. 9, is relatively insensitive to input 
heat flux, which is a fortunate outcome from a device engineering point of view. We also see that the 
desirable range downshifts and becomes narrower with increasing input heat flux. This is in qualitative 
agreement with the results of ref. [25]. However, it should be noted that the lower limit of the desirable  
 
 
(a) (b) 
 Fig. 8. (a) The TEC maximum efficiency (black curve) and the corresponding optimal operating voltage (blue dashed curve) 
as a function of the input heat flux. The curves shown are for the optimized interelectrode distance. (b) The emitter and collector 
temperatures as a function of the input heat flux where the gap size and operating voltage are optimized for maximum efficiency. 
 range and the optimal gap size found in this work are significantly higher than those found in ref. [25] for 
a comparable range of efficiencies (again due to the energy constraint issues discussed before). As an 
example, for efficiencies of 23% and 33%, the optimal gap sizes found in ref. [25] were 900 nm and 800 
nm, respectively, while, in the present work, they are more than twice higher (2 µm and 1.87 µm, 
respectively). Similarly, we find that the lower limits of the desirable gap range for the above-mentioned 
efficiencies are, respectively, 1.5 and 2.6 times higher than the values reported in ref. [25]. Although these 
differences may not appear significant at first glance, given the enormous materials and device fabrication 
related challenges (due to mechanical precision, surface roughness, and thermal expansion) associated 
with creating and maintaining microscale gaps between macroscopic electrodes in a wide range of 
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temperatures, even a relaxation of the requirements by a factor of ~2 can be very significant for device 
engineering—another fortunate outcome of the present study. 
 
      Fig. 9.  Desirable gap range (shaded area) for different values of input heat flux. 
 
4. Summary 
In summary, we present a comprehensive analysis of the operation of a micro gap vacuum thermionic 
energy converter under the constraint of a fixed input heat flux. Space charge and near-field coupling of 
thermal radiation, which are key effects in the energy exchange processes, are taken into consideration. 
The input energy constraint considered here requires the device performance to be analyzed under a 
numerical, iterative framework based on the energy balance at each electrode. The results provide new 
insights into the dependencies of the electrode temperatures, various interelectrode energy fluxes, device 
current, and output power density on interelectrode distance. An efficiency optimization in terms of 
operating voltage and interelectrode distance is also carried out, showing that the desired interelectrode 
distance can be considerably higher than previously thought. The influence of the input heat flux on 
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electrode temperatures, efficiency, and operating voltage is also discussed. The findings of this work thus 
provide useful insights into the device physics of a micro gap TEC which are crucial for the design and 
fabrication of thermionic energy harvesting systems. 
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